Neurons in the dentate hilus or area CA3c of rat hippocampal slices were recorded intracellularly with electrodes containing the fluorescent dye Lucifer yellow. Stimulation of perforant path fibers in the molecular layer of the fascia dentata strongly excited most hilar neurons, with a much lower threshold for action potential generation than granule cells and area CA3c pyramidal cells that were recorded in the same area of the slice. Examination of dye-filled hilar neurons with a confocal microscope showed that hilar cells with a low threshold were morphologically heterogeneous: some were spiny "mossy" cells, and others were aspiny interneurons. However, all hilar cells with low thresholds possessed dendrites that penetrated the granule cell layer and passed into the molecular layer, often reaching the outer molecular layer. The few hilar cells that had a threshold similar to, or greater than, granule cells did not possess visible dendrites in the molecular layer.
The results suggest that the circuitry of the dentate region allows for (1) excitation of both granule cells and hilar cells by perforant path stimuli, and (2) strong excitation of most hilar cells when most granule cells are subthreshold for action potential generation. Given that hilar neurons project to many different sites in the ipsilateral and contralateral fascia dentata (Blackstad, 1956; Zimmer, 1971; Swanson et al., 1976; Laurberg and Sarensen, 1961) , it is quite likely that hilar neurons are involved in the processing of information passing from entorhinal cortex to hippocampus.
Studies of the effects of prolonged perforant path stimulation have shown that most hilar cells of the rat fascia dentata are damaged following sustained excitation, whereas neighboring granule cells remain intact (Olney et al., 1983; Sloviter, 1983 Sloviter, , 1987 Schwartzkroin, 1989, 1990) . This is an important experimental model of excitotoxicity, because dramatic hilar cell loss is reported in diseases such as temporal lobe epilepsy (Meldrum and Corsellis, 1985) , as well as after brief periods of ischemia (Johansen et al., 1987; Benveniste and Diemer, 1988; Crain et al., 1989) . The selective vulnerability of Received Sept. 12, 1990; revised Nov. 29, 1990; accepted Jan. 18, 1991. This study was supported by the Howard Hughes Medical Institute. I am grateful to Paul Adams for his support and suggestions. I also thank Robert Sloviter for helpful comments on the manuscript. The technical expertise of Barry Burbach and David f'rintzenhoff was greatly appreciated.
a Present and correspondence address: Helen E. Scharfman, Neurology Research Center, Helen Hayes Hospital, West Haverstraw, NY 10993-l 195. Copyright 0 1991 Society for Neuroscience 0270-6474/91/l 11660-14$03.00/O hilar cells may be due to the lack of calcium-binding proteins in hilar cells, which has been demonstrated immunocytochemically (Baimbridge and Miller, 1982; Kosaka et al., 1987; Sloviter, 1989 ). However, very little is known about physiology of hilar cells or the circuitry involved in their excitation and inhibition.
Therefore, hilar cells were recorded intracellularly in hippocampal slices, and their responses to single stimuli of the outer molecular layer were examined. Hilar cell responses were compared to the responses of granule cells and area CA3c pyramidal cells in the same slice. To determine whether aspects of hilar neuronal morphology might help to explain their physiological responses, hilar neurons were injected with the fluorescent dye Lucifer yellow during the recording procedure and examined subsequently by confocal microscopy.
Materials and Methods Preparation and maintenance of hippocampal slices
Slices were obtained from male or female adult Sprague-Dawley rats (100-l 50 gm; Charles River) and maintained in warmed (35"(Z), oxygenated (95% O,, 5% CO,) buffer (in mM: 125.0 NaCl, 5.0 KCl, 2.0 CaCl,, 2.0 MgSO,, 26.0 NaHCO,, 1.25 NaH,PO,, and 10.0 d-glucose; pH, 7.4) as described previously .
Intracellular recording and stimulation
Extracellular and intracellular recording methods were similar to those described previously . Extracellular recording electrodes were made from borosilicate, capillary-filled glass (0.6-mm-inner diameter, 1 .O-mm outer diameter; World Precision
The perforant path was stimulated by gently placing a bipolar stimulating electrode on the surface of the slice in the outer molecular layer, at least 500 wrn from the recording sites. The distance of the stimulating electrode to the nearest part of the granule cell layer was 200-300 pm. The tips were placed so that they were as close as possible to the hippocampal fissure, and at a slight angle to the fissure, so that they would activate many fibers in the outer molecular layer without directly activating granule cells (Fig. 1B) . The electrodes were made from tightly twisting two pieces of Teflon-coated, stainless-steel wire (150-pm diameter; Medwire Co., Mt. Vernon, NY) together. A stimulus isolator ,unit (model 805, World Precision Instruments) was used to apply current pulses (SO-250 PA, 50 psec, stimulus frequency below 0.2 Hz) to the stimulation site.
As shown by many investigators (Andersen et al., 1966, 197 1; Lomo, 197 I) , the response recorded extracellularly in the granule cell layer upon stimulation of the perforant path is composed of a positive wave (representing the sum of subthreshold potentials in the cells surrounding the recording electrode; the "population EPSP') and a sharp negativegoing deflection superimposed on the population EPSP (the "population spike"; see Fig. l&D ). The population spike was optimized at every recording site by placing the recording electrode on the border of the hilus and the granule cell layer (the site where granule cell axons enter the hilus) and by slowly advancing the electrode to the depth in the slice where the largest population spike was recorded (typically 50-l 50 pm deep). Population spikes were recorded on the border of the granule cell layer and the hilus, instead of the center of the granule cell layer or near the border of the granule cell layer and the molecular layer, because the latter two recording sites yield population responses that are a mixture of the somatic and dendritic potentials of granule cells (Lomo, I97 1) . In contrast, recordings taken at the border of the granule cell layer and the hilus reflect action potential (AP) activity primarily. In practice, both the population EPSP and the population spike recorded near the molecular layer were never as large as responses recorded at the border of the granule cell layer and the hilus. However, the threshold for the population spike was similar regardless of whether it was recorded near the hilus or near the molecular layer. By projecting a strong light (Fiberlite, Dolan Jenner Industries) on the slice, the borders of the granule cell layer were easily discerned.
Slices were not used if the maximal population EPSP was less than 5 mV (measured from baseline to peak), the maximal population spike was less than 5 mV (measured as in Fig. lD) , or there was an absence of paired-pulse inhibition. Paired-pulse inhibition was tested at the beginning of each experiment to ensure that some of the vital inhibitory circuitry of the fascia dent&a was functional in the slice. Paired-pulse inhibition was tested by triggering two identical, intermediate-strength stimuli (i.e., one that produced a 24-mV population spike) 10 msec apart (Fig. 1 c) . If the second stimulus produced a much smaller population spike than the first stimulus, paired-pulse inhibition was judged to be satisfactory (Fig. 1 C) .
It has been shown that the lateral perforant path fibers lie in the outer molecular layer and that the medial perforant path fibers lie in the middle third of the molecular layer (Hjorth-Simonsen, 1973; Steward and Scoville, 1976) . When the lateral perforant path is activated, the population spike occurs on the falling phase of the population EPSP (McNaughton and Barnes, 1977) . Because the outer molecular layer was stimulated in our experiments, and because most population spikes recorded were superimposed on the falling phase of the population EPSP, it is likely that the lateral perforant path was activated preferentially. However, in a few experiments the population spike fell on the rising phase of the population EPSP, and therefore it is likely that some medial perforant path fibers were activated in those cases. Importantly, the comparisons of thresholds appear to be the same in all experiments, regardless of whether the lateral or medial perforant path was activated or whether recordings were made in dorsal or ventral hippocampus.
It is important to note that stimulation of the outer molecular layer may not only activate perforant path axons, because other fibers besides perforant path axons (though few in comparison to perforant path axons) are present in the outer molecular layer. For example, the axons of somatostatin-immunoreactive and neuropeptide Y-immunoreactive aspiny hilar cells have plexuses in the molecular layer (Kohler et al., 1982 (Kohler et al., , 1986 Sloviter and Nilaver, 1987; Naus et al., 1988) . However, it is unlikely that these peptidergic cells were stimulated in these experiments, because antidromic action potentials were never recorded from a hilar cell following stimulation of the outer molecular layer. It is also unlikely that current spread from the stimulating electrode into the inner molecular layer antidromically activated hilar cells, because the hilar cells that innervate the inner molecular layer are quite distant from their ipsilateral and contralateral targets (Zimmer, 197 1; Swanson et al., 1978; Laurberg and Sorensen, 1981; Amaral and Witter, 1989) . It is unlikely that both the cell bodies and the axons from these hilar cells would be maintained in a slice preparation.
Measurement of threshold
Extracellular recording. Based on early studies of hippocampal physiology (Andersen et al., 197 l) , the population spike was used as a sample of the activity of a number of granule cells surrounding the extracellular recording electrode. Therefore, it was assumed that the stimulus intensity used to elicit a negative inflection on the population EPSP (i.e., a l-2-mV population spike; Fig. 1B ) was the stimulus intensity required by many granule cells to reach threshold for action potential generation. This assumption was borne out by preliminary experiments where the threshold of an intracellularly recorded granule cell was compared to the threshold of the extracellularly recorded population spike, in a situation where the extracellular and intracellular recording sites were very close (Fig. 1D) . In these experiments, the threshold for a population spike was equivalent to the threshold for the impaled granule cell (Fig.  1D) . Therefore, threshold of the granule cell population spike was defined as the stimulus intensity necessary to elicit a small (l-2-mV) population spike. Slices were not used if the granule cell population spike threshold was indistinct (i.e., ifa wide range of stimulus intensities elicited only a small population spike). Only when the threshold of the population spike could be pinpointed to a specific stimulus strength was the slice used. Many extracellular recording sites in the granule cell layer were tested near the impaled cell (Fig. 1B) so that any irregularities (areas where the granule cell threshold might be unusually low or high) were found. In practice, no such irregularities were found, and the thresholds for the population spikes were similar for the range of sites tested in each slice (Fig. 1B) .
Intracellular recording. The threshold of the granule cell population spike was compared to the threshold of hilar neurons by recording from the hilar cell and the granule cell layer simultaneously. Cells were tested at their RMP, which was between -50 and -70 mV. Threshold for the cell was defined as the stimulus strength required to elicit an action potential in 50% of trials. Thresholds were measured every 2-5 min during the intracellular recording period so that instabilities in threshold would be found. There were only three cases where threshold was unstable for the cell, and these were assumed to be a result of injury due to impalement, because these cells also had a relatively short time constant, small input resistance, and depolarized RMP relative to other cells. Therefore, these three cases are not included in the Results. However, it is important to note that, even in these unstable cells, the range of thresholds for the cell was always lower than the threshold for the population spike.
Intracellular dye injection
All cells were filled with Lucifer yellow and subsequently analyzed using light microscopy. Injection of Lucifer yellow was similar to previous reports .
Scanning confocal microscopy
Slices were viewed in their entirety (i.e., without resectioning) using an inverted microscope (Zeiss IM35) that was adapted to be confocal (MRC 500, Biorad). The slice was viewed with the coverslip between the objective (Zeiss Neofluar 16 x , numerical aperture 0.40; or Zeiss Neofluar 40 x , numerical aperture 0.75) and the section. The blue excitation filter set was used (excitor filter, 488-nm DF 10; dichroic reflector, 5 IO-nm LP, emission filter, 515-nm LP). For each cell, 10-20 optical sections (each section was approximately l-10 hrn from the next section) were made through the slice to view all of the visible processes. Photomicrographs were made with the black-and-white film pack for a video printer (UP-5000; Sony).
Results
Twenty-three neurons were recorded in 23 slices from 19 rats. (Amaral, 1978) . B: Top, A diagram of the typical experimental arrangement is shown. A bipolar stimulating electrode (STIM) was placed in the outer molecular layer. There were many extracellular recording sites on the border of the granule cell layer and the hilus (solid circles; five sites are shown) and one intracellular recording site (open circle). Many extracellular recording sites were sampled in order to optimize comparison of the thresholds of many granule cells with the threshold of the impaled neuron. Bottom, Typical extracellular recordings obtained from the slice that is schematized in B, top. The response with the shortest latency was recorded at the site closest to the stimulating electrode (site I), and the response with the longest latency was recorded at the site farthest from the stimulating electrode (site 5). As was typical for the slices used in this study, the responses recorded at the five different sites were similar. In B-D, the stimulus artifacts are clipped and marked by the small solid circles. C, An example of paired-pulse inhibition of the population spike. A pair of identical stimuli was triggered at the beginning of each experiment to test for the presence of paired-pulse inhibition of the population spike. When the interstimulus interval was 10 msec, the population spike after the second stimulus was much smaller (or inhibited completely, as shown) than the population spike following the first stimulus. D, The threshold for the population spike, recorded as shown in B and C, was similar to the threshold of a granule cell located near the extracellular recording site. An example is shown for site 3 in the slice schematized in B. Simultaneous extracellular (top) and intracellular (bottom) recordings are shown following low (left; 0.1 mA), intermediate (center; 0.13 mA), and high (right; 0.2 mA) stimulus strengths. In all experiments, stimulus durations were 50 psec. The intermediate stimulus intensity was just above threshold for a population spike and also just above threshold for the granule cell. Granule cell RMP was -78 mV. The amplitude of the population spike was defined as the average of the two sharp deflections that comprise the population spike, as shown for the population spike elicited following the high-intensity stimulus (i.e., population spike amplitude = the average of the negativegoing deflection labeled x and positive-going deflection labeled y). Calibration: top traces (extracellularly recorded population spikes), 5 mV, 5 msec; bottom traces (intracellular recordings), 15 mV, 5 msec. extracellular recordings from the granule cell layer (top) and intracellular recordings from the hilar cell (bottom) shown in A-D. Site I: L& When the extracellular recording site was near to the area where the hilar cell had dendrites in the molecular layer (site I in D), the cell fired APs at a stimulus intensity that was insufficient to elicit a population spike. Right, When a higher stimulus intensity was tested, a population spike was produced, and the cell fired a burst of three APs. Site 4, When the population spike was recorded closer to the stimulating electrode than the hilar cell body or the hilar cell dendrites in the molecular layer (site 4 in D), a low-intensity stimulus produced a suprathreshold response in the hilar cell, and a subthreshold potential was recorded from the granule cell layer. Low-stimulus intensity, 0.1 mA, high-stimulus intensity, 0.18 mA, hilar cell RMP, -67 mV. Stimulus artifacts are clipped and marked by small solid circles. arrowhead) are typical of spiny hilar cells (Amaral, 1978; Ribak et al., 1985) . This cell was located near the upper blade of dorsal hippocampus. Scale bar, 50 pm. aspiny cells with undershooting APs that were only 55-60 mV. An exception was made because the short AP in "fast-spiking" cells may not reflect injury; as indicated by their particularly large afterhyperpolarizations (AHPs), the short AP may be a result of particularly large repolarizing potassium currents. Several reports of fast-spiking cells have shown that these cells often have relatively short APs (Schwartzkroin and Mathers, 1978; Schwartzkroin and Kunkel, 1985; Lacaille et al., 1987 Lacaille et al., , 1988 . Recording sites were distributed throughout the dentate region, near the upper blade or lower blade, or near the region where the two blades meet (Fig. 1A) . No differences were detected between hilar neurons sampled in different areas of the hilus (i.e., the area near the upper blade in comparison to the area near the lower blade).
Spiny hilar cells
Morphology Spiny hilar cells (n = 9) fell into two categories based on their morphology. One group of cells had fusiform or oval cell bodies, and the dendritic trees were bipolar (n = 3; Fig. 2 ). These cells were similar to the fusiform spiny cells described by others (Amaral, 1978; Ribak and Seress, 1988) . The second group was similar to the multipolar "mossy" cell that has also been described before (n = 6; Fig. 3 ; Amaral, 1978; Ribak et al., 1985; Scharfman and Schwartzkroin, 1988) . Both groups of cells were covered with spines, and their somata and proximal dendrites possessed numerous thorny excrescences (Fig. 3A) . Most spiny hilar cells had extensive dendritic trees in the hilus. In addition, at least one process penetrated the granule cell layer and entered the molecular layer. Typically, only one dendrite passed into the granule cell layer; this dendrite was either a secondary dendrite that made an abrupt turn into the granule cell layer from the parent dendrite ( Fig. 2 ; n = 5), or a primary dendrite that made a straight course for the molecular layer ( Fig. 3 ; n = 4). In all cases of spiny hilar cells, the dendrite was spiny before entering the granule cell layer and aspinous as it passed through the granule cell layer (Fig. 3) . Upon emerging from the granule cell layer and entering the molecular layer, the dendrite of spiny hilar cells did not appear to have spines (Figs. 2,3 ) and usually branched several times (Figs. 2,3 ). Dendrites that extended into the molecular layer ended in all areas of the molecular layer (i.e., the inner, middle, or outer third), without any obvious pattern that related to other aspects of the cell's physiology or morphology.
Physiology
As reported for guinea pig hilar cells, the spiny hilar cells of rat possessed homogeneous electrophysiological characteristics, and these characteristics were distinct from those of other cell types ofthe fascia dentata . These characteristics included a long time constant, high Ri,, and virtually continuous spontaneous depolarizing potentials (Figs. 2,  3 ; see Scharfman and Schwartzkroin, 1988) . All spiny hilar cells with dendrites in the molecular layer had a much lower threshold for AP generation in response to a single stimulus than the threshold for the granule cell population spike. In each experiment, population spikes were recorded in several areas of the granule cell layer in the vicinity of the intracellular electrode (see Materials and Methods; Fig. 1B ). After the dendritic tree of the impaled cell was identified by confocal microscopy, the thresholds ofthe population spikes were compared to the threshold of the cell. Comparisons of threshold were made between population spikes that were recorded closer to the stimulating electrode than the hilar cell body, at an equivalent distance from the stimulating electrode as the cell body, and farther from the stimulating electrode than the cell body. Comparisons could also be made between population spikes recorded at an equivalent distance from the stimulating electrode as the hilar cell dendrite that was situated in the molecular layer. These numerous comparisons were made to control for any difference based merely on distance of the recording site from the stimulating electrode (i.e., if a population spike was recorded farther LL \ r from the stimulating electrode than the hilar cell, it would not be surprising to find that the population spike threshold was higher than the cell threshold). In all comparisons, the threshold of the population spike was much greater than the threshold for AP generation in the impaled cell (Figs. 2,3 ). In fact, even when the distance from the stimulating electrode was less for the recording site of the population spike than the hilar cell body or hilar cell dendrites, the threshold for the population spike was still greater than the threshold for AP generation of the impaled neuron (Figs. 2, 3 ). Cells were tested for their threshold at their RMP, but even when they were hyperpolarized with DC current (up to 0.3 nA), the threshold for the hilar cell still had a threshold that was lower than the threshold for the population spike recorded in the granule cell layer.
Consistent with the comparison between the threshold of the extracellularly recorded population spike and the intracellularly recorded hilar cell, other experiments involving simultaneous impalements of granule cells and hilar neurons showed that individual granule cells demonstrated a higher threshold for AP generation following perforant path stimulation than simultaneously recorded spiny hilar cells (n = 4 pairs of different granule cells and hilar cells; data not shown).
In two cases spiny hilar cells did not possess a lower threshold than the granule cell population spike; one of these cells is shown in Figure 4 . In both cells there were no processes apparent in the granule cell layer or the molecular layer, despite the fact that the cells were impaled near the granule cell layer (i.e., Fig. 4) . The lack of dendrites in the molecular layer could have occurred because the cells were not adequately filled with dye, but this is unlikely given that the rest of the cells had dendrites that were very well filled (Fig. 4) ; nevertheless, this possibility cannot be ruled out. An alternate reason for the lack of dendrites in the molecular layer is that the dendritic branch or branches that crossed into the granule cell layer were cut during slice preparation; it is also possible that some hilar cells simply do not possess dendrites in the molecular layer.
Aspiny hilar cells
The same correlation of sensitivity to perforant path stimuli and presence of dendrites in the molecular layer, described above for spiny hilar cells, was also found for aspiny hilar cells.
Morphology
Many different morphologies of aspiny cells were represented in our sample of 10 cells. Some of these neurons had a round t The Journal of Neuroscience, June 1991, 7 f(6) 1667 or multipolar cell body and dendrites extending in all directions (n = 6; Fig. 5 ). Other cells were fusiform cells and were located just below the granule cell layer. Most of the dendrites of these fusiform cells were oriented parallel to the granule cell layer ( Fig. 6 ; n = 4).
The morphology of a typical aspiny hilar cell is shown in Figure 5 . Unlike the spiny hilar cells where only one dendrite entered the molecular layer, it was common to trace more than one primary dendrite of aspiny cells in the molecular layer (Fig.  5) . Also in contrast to spiny hilar cells, there were some dendrites that branched in the granule cell layer (the dendrites of spiny hilar cells that passed into the molecular layer never branched in the granule cell layer; all branching occurred in the molecular layer; Figs. 2,3) . However, there were some similarities between the dendritic trees of aspiny cells and spiny cells; one of these similarities was that no spines could be detected on processes in the granule cell layer and molecular layer (Figs. 2, 3 for spiny cells; Figs. 5,6 for aspiny cells). Another pattern that was similar to some spiny hilar cells was the abrupt turn of a hilar cell dendrite into the granule cell layer (cf. Figs. 2, 6 ).
Physiology
The 10 aspiny hilar cells all had very different electrophysiological characteristics from the nine spiny hilar cells. These characteristics were similar to the "fast-spiking" cells recorded by others in area CA1 of hippocampus (Schwartzkroin and Mathers, 1978; Schwartzkroin and Kunkel, 1985; Kawaguchi and Hama, 1987; Iacailleetal., 1987 Iacailleetal., , 1988 Scharfmanetal., 1989) . However, there was noticeable heterogeneity among the interneurons, in that some were indeed fast-spiking (AP duration, 500 psec), whereas others had much broader APs (AP duration, l-2 msec; Figs. 5, 6). Heterogeneity among intemeurons has been previously discussed for area CA1 of hippocampus (Kawaguchi and Hama, 1988) . However, there were many common characteristics among the aspiny cells that distinguished them clearly from the spiny hilar cells, granule cells, and area CA3 pyramidal cells. These characteristics included a weak capacity for spike frequency adaptation and large, fast AHPs following each AP (Figs. 5, 6 ).
Most aspiny cells had very low thresholds for AP generation compared to a granule cell population spike that was recorded near to the impaled cell (Figs. 5, 6 ). Even when the population spike was recorded nearer to the stimulating electrode than the hilar cell's dendrites in the molecular layer, the threshold for the population spike was still greater than the threshold for the Figure 5 . An example of a multipolar aspiny hilar cell that had dendrites in the molecular layer and had a low threshold relative to neighboring granule cells. A and L3, Two different optical sections are shown through two different levels of the cell. Numerous processes (arrowheads) passed into the granule cell layer (GCL; outlined by solid lines) and entered the molecular layer (MOL). The cell was located near the upper blade of dorsal hippocampus. HZL, hilus. Scale bar, 50 pm. C, Another optical section of the cell in A and B is shown at lower magnification. Numerous processes (arrowheads) were evident in the molecular layer. Note that the cell is oriented differently from A and B (the slice was turned approximately 9Oq. Scale bar (in A), 60 Wm. D, The cell in A-C is drawn as it was situated in the slice. The solid lines indicate the borders of the granule cell layer; the two lines delimiting the lower border of the granule cell layer (near the cell body) were used to indicate that the border of the granule cell layer and the hilus was slightly different as deeper levels of the slice were examined. This can also be appreciated by comparing the different levels photographed in A and B. The recording (sites Z-S) and stimulation @TIM) sites are also shown. E, The responses of the cell shown in A-C to a 0.2-nA, 150-msec depolarizing current pulse (top) and a 0.3-nA current pulse (bottom) are illustrated. The large AHP following each AP and relative lack of adaptation are characteristics of hippocampal "fast-spiking" cells that have intemeuronal morphologies (Schwartzkroin and Mathers, 1978; Schwartzkroin and Kunkel, 1985; Kawaguchi and Hama, 1987; Lacaille et al., 1987 Lacaille et al., , 1988 . F, Simultaneous recordings from the granule cell layer (top; recorded from site I in D) and the neuron shown in A-D (bottom) show that a stimulus intensity subthreshold for the granule cell population spike (top left; 0.075 mA) was suprathreshold for the impaled cell (bottom left). A higher stimulus strength was able to trigger a population spike (top right; 0.15 mA). The interneuron impalement was lost before testing the high stimulus strength. The urrow points to a small, brief spontaneous depolarization, which is common in aspiny hilar cells. RMP, -60 mV. Stimulation artifacts are clipped and marked by small solid circles. that is swelled with fluorescent dye. Because in other cells (where the axon can be identified unequivocally) the cut end of the axon is the only area of the cell where such a "ball" of fluorescence is observed, the arrowhead points to a process that is probably the axon. This cell was located just underneath the upper blade in dorsal hippocampus. GCL, granule cell layer; HZL, hilus; MUL, molecular layer. Scale bar, 50 pm. B, A single optical section through the cell in A illustrates that one dendrite made a sharp turn (arrowhead) from the parent dendrite and entered the granule cell layer. Same scale as in A. C, A drawing of the cell in A and B, with recording (solid circle) and stimulating @TIM) sites also illustrated. Only one recording site was used in this experiment. D, The response of the cell shown in A-C to a +0.2-nA, lOO-msec current pulse demonstrates that the cell had a firing pattern similar to "fast-spiking" interneurons. E, When the outer molecular layer was stimulated, a stimulus that was unable to produce a population spike (top left; 0.12 mA) was over threshold for the hilar cell (bottom left). A higher stimulus strength elicited a small population spike (0.23 mA, top right). RMP, -54 mV. Stimulus artifacts are clipped and marked by small solid circles. cell (Fig. 5) . Only in one case was the threshold of an aspiny was quantified by calculating the mean difference of each spiny cell comparable to the threshold for a granule cell population or aspiny hilar cell threshold from the mean threshold of the spike. In this case, there were no dendrites visible in the mogranule cell population spike. The comparison was made based lecular layer.
on the population spike recorded closest to the hilar cell denThe degree of difference of hilar cell thresholds from the drites in the molecular layer, to control for distance to the stimthreshold ofgranule cells was similar for all hilar cells, regardless ulating electrode (see above), which would be expected to play of differences in their morphology. This difference in thresholds a role in determining threshold. The mean difference for spiny L 7L . 2J 15mV 5ms Figure 7 . An example of an area CA3c pyramidal cell that had a higher threshold in response to stimulation of the outer molecular layer than the granule cell population spike. A, A photomicrograph is shown of an area CA3c pyramidal cell that was impaled on the border of area CA3c and the hilus (HZL; see drawing in B). The border of the upper blade of the granule cell layer (GCL) is marked by a solid line. Scale bar, 50 pm. B, The orientation of the cell in A is shown with the approximate sites of recording (sites Z-5) and stimulation @TIM). C, The cell shown in A and B produced a burst in response to depolarizing intracellular current injection (+0.2 nA, 150 msec). This bursting behavior is common among area CA3 cells (Bilkey and Schwartzkroin, 1990) activity and usually possess a shorter time constant and lesser R,, (Fig. 7C ). Despite these similarities in membrane properties, the responses to stimulation of the perforant path were very Area CA3c pyramidal cells different from spiny hilar cells.
As has been noted previously (Scharfman and Schwartzkroin, Morphology 1988) , the cells of area CA3c have similar electrophysiological Area CA3c cells (n = 4) were impaled in the area CA3c cell characteristics as spiny hilar cells, but possess less spontaneous layer or within 100 pm of the border of the CA3c cell layer and the hilus. An extension of 100 pm was given because the borders of the area CA3c cell layer in slices are not always distinct. Cells were impaled near the end of the pyramidal cell layer, close to the hilus (Fig. 7) . Not all cells in this area of the CA3c pyramidal cell layer have a classical pyramidal cell shape (Amaral, 1978) , so we set a few criteria to define a cell as an area CA3c pyramidal cell. We defined a cell as an area CA3c pyramidal cell if it had a cell body in the cell layer or within 100 wrn of the cell layer and possessed a dendritic orientation similar to CA3 pyramidal cells (i.e., with a large "apical" dendritic tree pointed toward the upper blade and a basal dendritic tree extended toward the lower blade; Fig. 1A) . One of the more classically shaped area CA3c pyramidal cells is illustrated in Figure 7A .
Physiology When the outer molecular layer was stimulated, area CA3c cells responded with a longer delay and an equivalent (or higher) threshold for AP generation than simultaneously recorded granule cell population spikes (Fig. 7) . When comparing the population spike and an area CA3c cell, many recording sites in the granule cell layer were tested (Figs. l& 7) , and in no case did the threshold for the population spike exceed the threshold for an AP in the impaled CA3c cell. Even when there was a large distance from the stimulating electrode to the recording site in the granule cell layer, the threshold of the population spike was still less than the threshold of the area CA3c cell (Fig. 7) .
Discussion
In summary, all hilar cells with dendrites in the molecular layer had very low thresholds for AP generation following single perforant path stimuli, in comparison to granule cells. In contrast, all cells without dendrites in the molecular layer did not have low thresholds. These correlations applied to the spiny hilar cells as well as the aspiny hilar cells. The results suggest that (1) many hilar cells have dendrites in the molecular layer, and (2) these dendrites are functionally significant. Recent reports have shown that some dendrites of aspiny, somatostatin-immunoreactive (L&anth et al., 1990) , or parvalbumin-immunoreactive (Zipp et al., 1989) hilar cells exist in the molecular layer, and earlier studies have indicated that dendrites in the molecular layer may exist for a few aspiny and spiny hilar cells (Amaral, 1978; Ribak et al., 1985) . In addition, Zipp et al. (1989) have shown that entorhinal fibers form synapses on dendrites on some of the aspiny, parvalbumin-immunoreactive hilar cells. These studies, in conjunction with the results presented here, strongly suggest that hilar cell dendrites in the molecular layer are innervated by perforant path axons.
Why do hilar cells have a lower threshold for synaptic activation by the perforant path than granule cells? It is not clear why a hilar cell would have a much lower threshold than a granule cell, because the en passant terminals of perforant path fibers in the outer molecular layer appear homogeneous.
Circuitry considerations
One likely explanation for the relatively low threshold of hilar cells with dendrites in the molecular layer is that the perforant path innervates hilar cells directly, as well as via granule cells. Granule cells of the rodent, in contrast, are only excited by perforant path stimuli directly. However, one might expect that the direct perforant path innervation would only provide a weak source of excitation to hilar cells. This would be expected because perforant path axons can only innervate a fraction of the hilar cell dendritic tree, and these synapses are a long distance from the hilar cell body. It is also predicted from some of the results presented that the perforant path only excites hilar cells weakly. Given that the EPSP occurring immediately after a stimulus reflects the activity of the perforant path-tohilar cell synapses, it is relevant that the APs of hilar cells often occurred after the initial EPSPs reached their peaks (Figs. 2, 6 ). The additional observation that initial EPSPs were sometimes quite small in amplitude (Fig. 2) also supports the hypothesis that the perforant path innervation of hilar cells provides a weak source of excitation. In contrast, large depolarizations, which usually triggered APs, often occurred at a similar latency as the granule cell population spike (Figs. 2, 4, 6 ). The relatively large excitatory effect of the granule cell-to-hilar cell synapse is consistent with the enormity of mossy fiber boutons compared to perforant path boutons (Blackstad, 1963) . In conclusion, the direct perforant path input may only produce a small depolarization in hilar cells, but this excitation may provide enough of a "boost" to the hilar cell that the strong, subsequent excitation via granule cells exceeds threshold.
Other aspects of the circuitry of the fascia dentata may provide additional explanations for the low threshold of hilar cells. For example, perforant path stimulation may activate strong feedforward inhibitory synapses on granule cells that do not exist on hilar cells. Therefore, a perforant path stimulus would be expected to excite hilar cells at a time when granule cells would be inhibited. This hypothesis, that interneurons activated by perforant path may contribute to feedforward inhibition ofgranule cells, is supported by our data that many hilar aspiny, "fastspiking" cells (putative inhibitory interneurons) are activated by perforant path stimulation at short latencies (Fig. 5) , and that hilar "fast-spiking" cells produce IPSPs in granule cells . The relative deficiency in synaptic inhibition of hilar cells, as compared with granule cells, is supported by the lack of hyperpolarizations (IPSPs) in hilar neurons following stimulation of the perforant path. Granule cells impaled in the same slices exhibited robust IPSPs, even with LiCl in the intracellular electrodes (data not shown). Numerous studies have documented the presence of strong feedforward inhibition in the dentate (Buzsaki and Eidelberg, 198 1; Buzsaki, 1984; Frotscher et al., 1984; Seress and Ribak, 1984; Zipp et al., 1989) .
Another possible explanation for the difference in threshold is based on the aspinous appearance of hilar cell dendrites in the molecular layer, which contrasts with the spiny dendrites of granule cells. Although higher-resolution studies must be implemented to demonstrate definitively a complete lack of spines on hilar cell dendrites in the molecular layer, it is likely that many of the dendrites are aspinous, and that therefore the synaptic contacts of perforant path fibers occur on hilar cell dendritic shafts. Assuming that a spine neck is a path of high resistance, cable theory would predict that hilar cell EPSPs would decay less than granule cell EPSPs during their journey from the synapse to the soma. Therefore, given a similar synaptic depolarization, hilar cells would be expected to have a lower threshold than granule cells. However, the site of the perforant path synapse is farther from the cell body of a hilar cell than a granule cell. Therefore, a difference in shaft versus spine innervation might be outweighed by the distance that must be traveled from the site of innervation to the cell body. Furthermore, it would be expected that the number of en passant synapses from perforant path fibers would be far greater on a given granule cell than a given hilar cell, because all of the dendrites of a granule cell are innervated by perforant path, whereas only a fraction of the hilar cell dendritic tree could be innervated by the perforant path.
Another aspect of dentate circuitry that may be important in determining the low threshold of hilar cells is the apparent bombardment of hilar cells by excitatory transmitter. The results of this tonic excitatory input are large, frequent, spontaneous EPSPs that are observed in all spiny hilar cells and, to a lesser degree, in aspiny hilar cells (Figs. 2, 3, 5) . It is likely that spontaneous release of transmitter from granule cell nerve terminals is reto discharge granule cells that were located closer to the hilar cell. It is possible that the granule cells that were activated directly made excitatory connections on the hilar cell that was recorded in that slice. If so, a perforant path stimulus might result in an EPSP due to perforant path innervation of the hilar cell, as well as an EPSP due to the granule cell innervation of the hilar cell. The summation of these two EPSPs might have produced a suprathreshold depolarization in the hilar cell.
Relationship to previous studies of the dentate region This study presents some data that differ from morphological descriptions of hilar neurons reported previously. The finding sponsible for this spontaneous activity . Thus, any stimulus to the perforant path is likely to elicit an EPSP that would sum with a spontaneous EPSP, and the resulting depolarization could exceed threshold. Because this continuous background of excitatory input is not found in granule cells, it could explain the lower threshold of hilar cells compared to granule cells. . Assuming that the characteristics of perforant path synapses on hilar cells that most hilar cells have processes that pass into the molecular layer differs from the Golgi study of Amaral (1978) , and our previous findings in guinea pig where the dendrites of most hilar cells were confined to the hilus. One possible reason for this discrepancy may be that the thick sections (400 km) and confocal microscopy used in this report allowed the distal dendrites in the molecular layer to be visualized more easily than the thinner sections used in the Golgi study or the conventional epifluorescence techniques used in the guinea pig study. In support of these possibilities, we found that the dendritic segment that crossed into the granule cell layer and the molecular layer was always in a distant optical section from the cell body (Fig. 2B,C) .
Applicability to hippocampal physiology in vivo and granule cells are similar and that these cells have a similar
Whether our data are representative of the hilus in vivo is depostsynaptic receptor distribution, it would be expected that the batable. It is not clear that all cell types present in the hilus were depolarization produced in a hilar cell would be larger than the sampled, or that the numbers of cells impaled are representative depolarization of a granule cell. It is also clear that granule cells of the proportions of the cell types that are found in vivo. This have a much more hyperpolarized RMP than hilar cells, at least is especially the case for "fast-spiking" intemeurons, which are as recorded in slice preparations (granule cells, -70 to -80 mV; notoriously difficult to detect and impale with standard intrahilar cells, -50 to -70 mV, Scharfman and Schwartzkroin, cellular techniques. It is possible that some types of hilar cells 1989; Lambert and Jones, 1990) . These two factors alone, R,,
were not sampled, because it has been shown that many hilar and RMP, could explain the lower threshold of hilar cells as cells are subject to damage during anoxic periods (Johansen et compared with granule cells. al., 1986; Benveniste and Diemer, 1988; Crain et al., 1989) , and One may also speculate on other intrinsic properties that may some period of anoxia is inevitable during the slicing procedure. be important in determining threshold. For example, active However, most of the known hilar cell types have been recorded conductances may be present in the hilar cell dendrites but not from: spiny fusiform, spiny "mossy," aspiny multipolar, and in granule cell dendrites. Another characteristic of many hilar aspiny fusiform. Also, because most hilar cells that were studied cells is that they have a low level of the calcium-binding proteins were extremely sensitive to perforant path stimulation, it might parvalbumin and calbindin relative to granule cells (Bairnbridge and Miller, 1982; Kosaka et al., 1987; Sloviter, 1989) . Several studies have provided evidence that hilar cells that lack these calcium-binding proteins may be particularly sensitive to repetitive perforant path stimulation (Sloviter, 1987 (Sloviter, , 1989 . It is possible that the lack of calcium-binding proteins may also underlie sensitivity to single stimuli. In this regard, it is particularly relevant that one of the calcium-binding proteins, parvalbumin, stains the dendrites of immunoreactive cells, suggesting that parvalbumin could be present near synapses and regulate changes in intracellular be argued that the hilar cells that are susceptible to excitotoxic damage were indeed preserved in our slices.
However, the fact that slice preparation by definition severs many afferent systems to the hilar cells and granule cells (Buzs&i and Eidelberg, 198 1; Douglas et al., 1983; Frotscher et al., 1984; Kijhler et al., 1984; Bilkey and Goddard, 1987 ) cannot be denied. One important example is the loss of the GABAergic commissural projection (Buzsaki and Eidelberg, 198 1; Douglas et al., 1983; Frotscher et al., 1984; Seress and Ribak, 1984; Ribak et al., 1986; Bilkey and Goddard, 1987) . Because this pathway may contribute to inhibitory potentials of dentate cells, differences in threshold obtained in the absence of such projections may not apply to the situation in vivo. It is known from electron microscopy of HRP-filled hilar cells that spiny and aspiny cells receive numerous symmetric contacts D. D. Kunkel, H. E. Scharfman, and P. A. Schwartzkroin, unpublished observations) , and immunocytochemistry of guinea pig dentate gyrus has shown GABA-immunoreactive contacts on hilar cells (Misgeld and Frotscher, 1986) . If those inhibitory connections were severed in our slices, then a low hilar cell calcium that occur immediately after a single stimulus. However, very little is known about the physiological role of calciumbinding proteins, and therefore this possibility is merely conjecture at this time.
Finally, it is possible that aspects of the recording arrangement were responsible for low hilar cell thresholds. It is possible that the granule cells situated directly beneath our stimulating electrode were activated by current spread from the stimulating electrode, even at low stimulus intensities that were insufficient threshold might be recorded in slices, but not occur in viva In an effort to circumvent this problem, only slices with strong paired-pulse inhibition were used in this study (see Materials and Methods), so we could be confident that recurrent inhibition was present. However, though the presence of paired-pulse inhibition indicated that recurrent inhibition was functional, it does not necessarily imply that feedforward inhibition was present.
Despite these issues, the results suggest that the circuitry of the fascia dentata is appropriately designed to act as a filter, where weak excitatory signals pass easily to the sensitive hilar cells but do not excite granule cells. Only higher-intensity stimuli may cause granule cells to fire (and if such high-intensity stimulation is prolonged, the excitotoxic insult may cause damage and possibly death of susceptible hilar neurons). Because many hilar neurons project to distant ipsilateral sites in the inner molecular layer, as well as the contralateral inner molecular layer (Blackstad, 1956; Zimmer, 197 1; Swanson et al., 1978; Laurberg and Sorensen, 1981) one might predict that weak stimulation by perforant path would activate distant sites in the ipsilateral and the contralateral hippocampus (via hilar cell projections) without activating the trisynaptic pathway in the "lamella" containing the active perforant path fibers. This scenario underscores recent suggestions that hippocampal activity may not be restricted to the trisynaptic pathway according to a strictly lamellar hippocampal organization (Amaral and Witter, 1989; Yeckel and Berger, 1990) .
